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Lycoris longitubaTranscription factors (TFs) are proteins that bind to speciﬁc promoter regions of their target genes and
regulate gene transcription. Many of these factors have been found to inﬂuence ﬂowering. Lycoris longituba
exhibits a great deal of diversity in ﬂower color and ﬂower form, making it a suitable model for the study of
ﬂoral development. We have identiﬁed 338 putative TFs from more than thirty thousand ESTs sequenced
from the ﬂoral tissue of L. longituba, and validated them using real-time RT-PCR. Fifty-one of the TFs were
recognized as being potentially ﬂower-speciﬁc, and the expression patterns of some of them during six
ﬂowering phases have been elucidated. Homolog annotation and phylogenetic analysis revealed that some
TFs that belong to several TF families, such as MADS, MYB-related, NAC, and ABI3-VP1, were suggested to
play important roles in the ﬂowering process. Our dataset may be used to identify priority target TF genes for
further study.at the School of Life Sciences,
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Transcription factors (TFs) are proteins that bind to speciﬁc promoter
regions of their target genes and activate or deactivate the gene
transcription process [1]. TFs are grouped into families based on their
DNA-binding domains [2]. The identiﬁcation, annotation, and classiﬁca-
tion of the plant TFs provide useful information for the study of gene
function, expression, regulation and evolution [3]. There are a number of
TF databases for plants with genomes that have been completely
sequenced and annotated. These include RARTF [4] and DATF [5] for
Arabidopsis thaliana, DRTF [6] for rice, DPTF [7] for poplar, and TOBFAC [8]
for tobacco. Some comprehensiveplant TFdatabases like PlnTFDB [9] and
PlantTFDB [10] have been established with genomes and EST sequences
from several plant species. Generalmethods have beendeveloped for the
identiﬁcation and classiﬁcation of TFs. Computational methods are often
based on proﬁle searches of one or more databases of DNA-binding
domains, like PFAM [11] or in-house databases. Genes containing a
transposase-related domain are usually removed [9]. The predicted TFs
canbe classiﬁed into families using a rule-based algorithm,whichdeﬁnes
‘required’ and ‘forbidden’ domains for each family [10].The functions of an increasing number of plant TFs have been
elucidated, and many of them have been found to inﬂuence metabolic
pathways [12]. For example, the biosynthesis of anthocyanins, the
colored secondarymetabolitespresent inﬂowers, fruits, leaves, andother
tissues ofmany plants, is usually controlled at the transcriptional level by
a combination of R2R3 Myb, basic helix-loop-helix (bHLH) and WD40-
type TFs [13,14]. In the ABCDEmodel of ﬂower development, genes from
the MADS family of TFs play important roles [15]. Some TFs from class A
control sepal formation, some TFs from classes A, B, and E regulate petal
formation, some TFs from classes B, C, and E control stamen formation,
some TFs from classes C and E regulate carpel formation, and some TFs
from classes C, D, and E control ovules formation [16,17]. TF genes from
MADS family contain a conserved sequence motif, the MADS-box [18].
The MADS-box family of TFs control diverse developmental processes in
ﬂowering plants ranging from root, to ﬂower and fruit development.
Artiﬁcially adjusting the expression of two MADS-box genes from silver
birch (Betula pendula Roth), BpMADS1 and BpMADS6, similar to SEP3 and
AG in A. thaliana, led to early ﬂowering and to changes in the sepals and
petals of the silver birch ﬂowers [19]. Some TF genes from A. thaliana,
such asANT, amember of theAP2-EREBP family [20], SPATULA, amember
of the bHLH family [21], PAN, amember of the bZIP family [22], and some
genes from the ZF-HD family [23], and MYB305, a member of the MYB
family from tobacco (Nicotiana langsdorfﬁi×N. sanderae) [24], have all
been reported to inﬂuence the ﬂowering process.
The genus Lycoris of the family Amaryllidaceae consists of
approximately 20 species that include lilies and tulips. Lycoris are
perennial, bulbiferous, monocotyledonous, herbaceous plants
Table 1
The number of TFs from each TF family in ﬁve species.
TF family name Abbreviations Numbers of TFs
Lycorisa Arabidopsisb Rice indicab Maizec Tomatoc
Nascent polypeptide-associated complex NAC 30 107 157 30 41
Apetala2/ethylene response elements binding proteins AP2-EREBP 24 145 174 33 84
Auxin/indole-3-acetic acid AUX-IAA 21 29 30 32 21
MYB-related MYB-related 20 49 64 52 36
Homeobox HB 17 87 84 16 36
Basic helix-loop-helix bHLH 16 127 157 34 58
CCCH-type zinc ﬁnger C3H 16 59 57 57 47
GARP Golden 2-like GARP-G2-like 15 43 49 18 19
Zinc ﬁnger protein expressed in inﬂorescence meristem ZIM 15 18 19 23 20
Tubby like protein TLP 14 11 13 14 12
High mobility group HMG 13 11 12 23 11
Basic leucine zipper bZIP 13 72 88 65 47
Lin11, Isl-1, Mec-3 LIM 10 13 10 10 10
Avian myeloblastosis viral oncogene homolog MYB 10 150 136 18 48
MCM1, AGAMOUS, DEFICIENS, SRF MADS 8 104 70 47 51
CCAAT-binding transcription factor HAP5 CCAAT-HAP5 8 13 14 11 9
WRKY WRKY 8 72 111 13 52
Dof (DNA binding with one ﬁnger) C2C2-Dof 5 36 28 3 23
YABBY C2C2-YABBY 5 5 7 10 11
Heat shock transcription factor family HSF 5 23 27 11 18
Multiprotein bridging factor 1 MBF1 5 3 4 19 5
Alﬁn Alﬁn 4 7 10 20 14
Zinc ﬁnger (C2H2 type) family C2H2 4 134 94 14 37
Polycomb group PcG 4 34 34 16 15
ULTRAPETALA ULT 4 2 2 0 1
Abscisic acid-insensitive protein 3/viviparous1 ABI3-VP1 3 60 54 18 27
Asymmetric leaves2 AS2 3 42 43 2 13
CCAAT-binding transcription factor HAP2 CCAAT-HAP2 3 10 10 10 6
GAI, RGA, SCR GRAS 3 33 57 10 26
Plant homeodomain PHD 3 56 61 17 30
Zinc ﬁnger homeobox domain ZF-HD 3 16 14 0 10
AT-rich interaction domain ARID 2 10 6 1 3
CONSTANS-like C2C2-CO-like 2 37 34 12 13
CCAAT-binding transcription factor Dr1 CCAAT-Dr1 2 2 1 4 4
Plant AT-rich sequence- and zinc-binding protein PLATZ 2 10 15 3 5
SQUAMOSA-promoter binding protein SBP 2 16 18 4 10
TB1, CYC, PCFs TCP 2 23 22 1 15
Trihelix Trihelix 2 26 22 1 12
Barley b recombinant-basic pentacysteine BBR-BPC 1 7 4 3 4
GATA family of zinc ﬁnger C2C2-GATA 1 26 28 1 9
E2F, DP (dimerization partners) E2F-DP 1 10 9 9 3
Ethylene-insensitive3-like EIL 1 6 9 6 5
Forkhead-associated domain-containing protein FHA 1 16 15 10 7
GL1 enhancer binding protein GeBP 1 21 12 2 9
GRF-interacting factor GIF 1 3 3 1 3
growth-regulating factor GRF 1 9 12 6 5
JUMONJI JUMONJI 1 17 17 7 3
LEUNIG LUG 1 2 6 2 2
S1Fa-like S1Fa-like 1 3 3 6 2
Whirly Whirly 1 2 2 3 2
Auxin-response factor ARF 0 23 24 16 13
BRI1-EMS-SUPPRESSOR 1 BES1 0 36 7 1 7
Calmodulin-binding transcription activator CAMTA 0 6 7 14 1
CCAAT-binding transcription factor HAP3 CCAAT-HAP3 0 11 12 1 5
CPP CPP 0 8 11 11 1
GARP Arabidopsis response regulators (type B) GARP-ARR-B 0 10 9 3 2
HRT-like HRT-like 0 2 1 0 0
Floral meristem identity control protein LEAFY LFY 0 1 2 0 1
NIN-like Nin-like 0 14 12 2 5
NOZZLE NZZ 0 1 1 0 1
Sterile apetala SAP 0 1 0 0 0
SHI related sequence family SRS 0 10 5 0 3
TAZ zinc ﬁnger TAZ 0 9 4 0 3
Vascular plant TF with a one-zinc ﬁnger VOZ 0 2 2 2 2
Total 338 1951 2025 778 998
a The 338 TFs of Lycoris were predicted from 13,259 unique genes assembled from 32,521 self sequenced ESTs.
b For Arabidopsis and rice (indica), the complete datasets of genes on their genome were used for TF prediction.
c 173,700 maize genes and 40,951 tomato genes assembled from ESTs by PlantGDB (www.plantgdb.org) were used for TF searching.
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Asia from south-western China to South Korea and Japan, with a few
species extending to northern Indochina and Nepal [25,26]. Some of
the species, Lycoris longituba for example, have large and colorfulﬂowers. Rare in angiosperms, the leaves of L. longituba sprout in
spring and die in early summer. This is followed by ﬂowering. The
ﬂowers of L. longituba are diverse in both color and ﬂoral form, and its
bulb has some medicinal potential. In contrast to the sepal and petal
Fig. 1. A phylogenetic tree of MADS TF genes from L. longituba and other plants. Except for the putative MADS genes from L. longituba, each MADS gene is named with its accession
number in the UniProt database, its gene name, and genus name.
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perianth of which has two whorls of almost identical petaloid organs
called tepals. We believe that this characteristic makes L. longituba
more suitable as a model for studying variations in ﬂower color and
form while Arabidopsis and rice are suitable for research into ﬂower
development. Currently there are very few sequence resources for
Lycoris in public databases.
In 2004, we reported 4992 L. longituba ESTs from a mixed bud
library [27]; 1066 of these ESTs had homologues in GenBank and 3621
ESTs were novel. After trimming some low quality sequences, most of
these ESTs were used in this paper along with some newly sequenced
ESTs. From 32,521 ESTs sequenced from the ﬂoral tissue of L.
longituba, 338 putative TFs were predicted, and validated by real-
time RT-PCR [28]. Some of the TFs were identiﬁed as being potentially
ﬂower-speciﬁc and were annotated. Variations in their expression
levels in different ﬂoral phases were investigated. A phylogenetic
analysis was performed on the putative TF genes of the MADS family
found in L. longituba and similar genes from some other plants.
Comparingwith our formerwork in 2004, we have successfully minedfunctional information from these ESTs and have developed a partially
proved dataset of ﬂower-speciﬁc TF genes that could be used to
identify priority targets for further studies on ﬂower development in
L. longituba. The sequences and other detailed information of the
putative TFs found in L. longituba have been submitted to the public
plant TF database PlantTFDB (http://planttfdb.cbi.pku.edu.cn/) and
GenBank.
Results
A total of 32,521 clones from three non-normalized cDNA libraries
from L. longitubawere sequenced; 22,601 ESTs were from the tissue of
white tepals, 5085 ESTs were frommixed tepals of three varieties, and
4835 ESTs were frommixed buds of multiple varieties. The 32,521 EST
sequences were clustered and assembled into 16,473 unique genes,
fromwhich 13,259 unique genes longer than 150 bps were used for TF
prediction.
An HMMER search for deﬁned TF domains identiﬁed 338 genes,
2.5% of the total unique genes as TFs, and classiﬁed them into 50
Table 2
L. longituba TFs with expression levels that are higher in tepal than in leaf as indicated by RT-PCR analysis.
TF family and
gene ID
GenBank
acc. no.
Expression
levela
Annotation (best hit in BLASTP)b E-
value
Reported function
Leaf Tepal
ABI3-VP1
LlTF-ABI3-VP1-0 GQ165972 – ++
+
B3 protein (O. sativa) ABA99159.1 3e-
13
Modulate vernalization and ﬂowering time control [40] *
LlTF-ABI3-VP1-1 GQ165988 – ++
+
VRN1 (A. thaliana) AAM76972.1 5e-
18
LlTF-ABI3-VP1-2 GQ166053 – ++
+
B3 protein (O. sativa) ABA99159.1 1e-
14
*
AP2-EREBP
LlTF-AP2-EREBP-0 GQ165817 0 ++
+
ABR1 (A. thaliana) AAP37839.1 7e-
16
Respond to ABA and stress conditions [30]
LlTF-AP2-EREBP-1 GQ165846 – + TINY (A. thaliana) AAC29139.1 1e-
16
Connect the DRE- and ERE-mediated signaling pathways [31]
LlTF-AP2-EREBP-
10
GQ165994 – ++ OsERF3 (O. sativa) EAY76142.1 2e-
21
Respond to ABA and stress conditions [30]
LlTF-AP2-EREBP-
11
GQ166011 0 ++
+
ABR1 (A. thaliana) AAP37839.1 6e-
15
*
LlTF-AP2-EREBP-
13
GQ166079 – + EREBP (S. lycopersicum) AAN77067.1 6e-
39
LlTF-AP2-EREBP-
22
GQ166156 0 ++
+
LEP (A. thaliana) AAF32292.1 4e-
14
Affect leaf petiole development [32] *
bHLH
LlTF-bHLH-1 GQ165860 – + bHLH096 (A. thaliana) AAP04071.1 1e-
30
LlTF-bHLH-2 GQ165864 – ++ ILR3 (A. thaliana) AAM10964.1 5e-
19
Modulate metal homeostasis and auxin conjugate responsiveness [33]
LlTF-bHLH-12 GQ166100 – ++
+
bHLH062 (A. thaliana) ABH04604.1 1e-
28
bZIP
LlTF-bZIP-9 GQ166070 – ++ PPI1 (C. chinense) AAN61914.1 2e-
24
Regulate the expression of plant defense-related genes [34]
C2C2-Dof
LlTF-C2C2-Dof-2 GQ165894 – + NtBBF1 (N. tabacum) CAA66601.1 6e-
28
Mediate tissue-speciﬁc and auxin-inducible expression of rolB oncogene
[35]
C2C2-YABBY
LlTF-C2C2-
YABBY-1
GQ165976 – ++
+
OsYABBY2 (O. sativa) ABF97910.1 7e-
53
*
LlTF-C2C2-
YABBY-4
GQ166145 – ++
+
OsYABBY2 (O. sativa) ABF97910.1 3e-
54
*
GARP-G2-like
LlTF-GARP-G2-
like-7
GQ165937 – ++
+
NbPCL1 (N. benthamiana) BAE16280.1 3e-
22
*
LlTF-GARP-G2-
like-12
GQ166024 – ++
+
NbPCL1 (N. benthamiana) BAE16280.1 3e-
23
LlTF-GARP-G2-
like-13
GQ166119 – ++
+
NbPCL1 (N. benthamiana) BAE16280.1 6e-
21
HSF
LlTF-HSF-0 GQ165835 – + HSF30 (S. peruvianum) CAA47870.1 2e-
56
MADS
LlTF-MADS-1 GQ165923 0 + AGL9 (E. californica) AAX15918.1 5e-
51
LlTF-MADS-5 GQ165954 – + AGL2 (A. americanus) AAX15922.1 4e-
82
LlTF-MADS-9 GQ166037 0 ++ AGL9 (P. americana) AAX15924.1 e-
107
*
LlTF-MADS-11 GQ166114 0 ++ AGL9 (P. americana) AAX15924.1 1e-
84
*
LlTF-MADS-14 GQ166139 0 + DOMADS3 (D. grex Madame Thong-In)
AAF13262.1
6e-
73
affect the process of ﬂoral transition [38]
LlTF-MADS-15 GQ166148 0 ++ AGL9 (P. americana) AAX15924.1 7e-
98
*
MYB
LlTF-MYB-1 GQ165950 0 + GHMYB9 (G. hirsutum) AAK19619.1 1e-
49
LlTF-MYB-2 GQ165957 0 + LhMyb (Lilium hybrid division I)
BAB40790.1
2e-
63
LlTF-MYB-5 GQ166027 0 + LhMyb (Lilium hybrid division I)
BAB40790.1
9e-
59
MYB-related
LlTF-MYB-
related-0
GQ165900 – ++
+
MybA (V. vinifera) ABB87013.1 7e-
19
Determine the berry color [41] *
122 Q.-L. He et al. / Genomics 96 (2010) 119–127
Table 2 (continued)
TF family and
gene ID
GenBank
acc. no.
Expression
levela
Annotation (best hit in BLASTP)b E-
value
Reported function
Leaf Tepal
LlTF-MYB-
related-1
GQ165919 0 ++ LCL1 (A. thaliana) BAH19706.1 2e-
38
*
LlTF-MYB-
related-2
GQ165936 – ++ LCL1 (A. thaliana) BAH19706.1 4e-
38
LlTF-MYB-
related-4
GQ165980 – ++
+
LCL1 (A. thaliana) BAH19706.1 2e-
36
LlTF-MYB-
related-5
GQ165990 0 + LCL1 (A. thaliana) BAH19706.1 2e-
27
LlTF-MYB-
related-6
GQ166006 – ++ LCL1 (A. thaliana) BAH19706.1 6e-
37
LlTF-MYB-
related-7
GQ166008 – ++
+
LEH (C. sativa) AAU20773.1 3e-
25
*
LlTF-MYB-
related-15
GQ166110 0 + LhMyb (Lilium hybrid division I)
BAB40790.1
4e-
41
LlTF-MYB-
related-16
GQ166121 0 + LCL1 (A. thaliana) BAH19706.1 8e-
49
LlTF-MYB-
related-17
GQ166144 0 ++ LCL1 (A. thaliana) BAH19706.1 8e-
57
*
LlTF-MYB-
related-19
GQ165953 0 + LhMyb (Lilium hybrid division I)
BAB40790.1
2e-
46
NAC
LlTF-NAC-1 GQ165854 0 ++
+
XND1 (A. thaliana) ABF83636.1 7e-
26
Negatively regulate lignocellulose synthesis and programmed cell death
in xylem [36]
*
LlTF-NAC-7 GQ165885 – ++ NAC1 (E. guineensis) ABB72842.1 3e-
84
LlTF-NAC-19 GQ166025 – ++
+
NAC5 (G. max) AAX85982.1 2e-
68
Affect plant seed development [39]
S1Fa-like
LlTF-S1Fa-like-0 GQ166063 – + No Hit –
Trihelix
LlTF-Trihelix-0 GQ165865 – + DF1 (P. sativum) BAB41080.1 2e-
42
ZF-HD
LlTF-ZF-HD-1 GQ165948 – ++ MIF2 (A. thaliana) ABD57488.1 5e-
22
ZIM
LlTF-ZIM-3 GQ165927 – + JAZ2 (A. thaliana) AAP13409.1 6e-
12
Regulate jasmonate signaling [37]
LlTF-ZIM-4 GQ165933 0 + JAZ1 (A. thaliana) AAK63998.1 7e-
23
Repress transcription of jasmonate-responsive genes [37]
LlTF-ZIM-5 GQ165939 – + PnFL-2 (I. nil) AAG49896.1 6e-
13
LlTF-ZIM-10 GQ166023 0 + JAZ2 (A. thaliana) AAP13409.1 1e-
10
Regulate jasmonate signaling [37]
LlTF-ZIM-11 GQ166045 – + PnFL-2 (I. nil) AAG49896.1 2e-
23
⁎Among the 51 TFs with expression levels that are higher in tepal than in leaf, 15 TFs labeled with an asterisk in the last column were selected for another real-time RT-PCR using
ﬂower tissues from six different phases of ﬂoral development.
a TFs with no positive signals determined in RT-PCR were marked as ‘0’, genes with signal intensities on a relative scale with the control gene (actin) in the ranges of 0–0.2, 0.2–1
and 1–3, and more than 3 were assigned ‘−’, ‘+’, ‘++’, and ‘+++’ respectively.
b The best hit to the L. longituba TF gene is listed here with its name, species, and accession number in GenBank.
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ﬂower-related TF families such as MYB-related, bHLH, and MADS,
had two or more members, and 12 families, such as BBR-BPC and E2F-
DP, had only one. Fourteen known TF families, such as ARF, BES1, and
CPP, were not found in the present study. The most abundant TF
families from the L. longituba ﬂower libraries were NAC (30 TFs
found), AP2-EREBP (24), AUX-IAA (21), and MYB-related (20). The
sequences and other related information for the 338 putative TF genes
of L. longituba are available at PlantTFDB (http://planttfdb.cbi.pku.
edu.cn/) and GenBank (accession number: GQ165816 to GQ166161).
A phylogenetic analysis was performed using eight of the putative
MADS family TF genes found in L. longituba and 23 known MADS-box
genes from other related plants. The analysis (Fig. 1) showed that six
MADS TFs from L. longituba had a relatively close relationship with
known class E MADS-box genes that control ﬂoral development.
Among the six genes, LlTF-MADS-1, LlTF-MADS-9, LlTF-MADS-11, and
LlTF-MADS-15were more closely related to SEP3 from Arabidopsis and
its homologues, MADS7 and MADS8, in rice (Oryza sativa), while LlTF-MADS-5 and LlTF-MADS-14 were closer to SEP1 from Arabidopsis and
its rice homologue MADS1 (O. sativa). Two other MADS TFs from L.
longituba, LlTF-MADS-6 and LlTF-MADS-8, were closest to some class B
or Bs genes, such as MADS4, MADS16 (O. sativa), PI (A. thaliana), M17
(Zea mays), and GGM13 (Gnetum gnemon) [15,29].
To assay the expression patterns of the predicted TF genes, the
tepals and leaves of L. longituba were used for real-time RT-PCR. We
found that 318 TFs, 94% of the total predicted TF genes had positive
expression signals in tepals, and 278, or 82%, in leaves. Of these, 51 TF
genes from 16 families (ABI3-VP1, AP2-EREBP, bHLH, bZIP, etc.) had
noticeably higher expression level in tepals than they had in leaves,
suggesting that these genes may be ﬂower-speciﬁc (Table 2). Most of
the 51 TF genes were annotated by their similarity to homologues
from other plants [30–37]. Though the probable functions of the
majority of these genes were still unclear, some of the homologues
had ﬂower-related functions. For example, LlTF-MADS-14 had high
homology with an orchid MADS-box gene, DOMADS3 (Dendrobium
grex Madame Thong-In), which is speciﬁcally expressed in ﬂower-
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transition [38]; LlTF-NAC-19 had high homology with a soybean gene,
GmNAC5 (Glycine max), which is expressed only in reproductive
tissues and probably plays a role during the process of soybean
development [39]; and LlTF-ABI3-VP1-1 had a homologue in A.
thaliana, VRN1, which may modulate vernalization and control
ﬂowering time [40].
From these 51 TFs, 15 were used to analyze temporal expression
levels during ﬂower development in six phases that were deﬁned by
bud or tepal length (Table 3). The expression levels of most of the
selected TFs progressively increased until the ﬁfth phase when the
tepal was longest (about 90 mm), and dropped away at the last phase
during which the ﬂower withered. Some of the TFs, such as LlTF-MYB-
related-0, a homologue of the MybA gene from grape (Vitis vinifera)
[41] which determines berry color, and LlTF-NAC-1, a homologue of
the XND1 gene from A. thaliana which negatively regulates lignocel-
lulose synthesis and programmed cell death in xylem [36], were
expressed at relatively low levels in all six phases. Other members of
the MYB-related family, LlTF-MYB-related-1, LlTF-MYB-related-7, and
LlTF-MYB-related-17, were expressed at relatively high levels from
phases 2 to 6. Members of the AP2-EREBP family showed 30-fold
(LlTF-AP2-EREBP-11) and 50-fold (LlTF-AP2-EREBP-22) increases in
expression level between phases 4 and 5. The annotation indicated
that the homologue of LlTF-AP2-EREBP-11, ABR1 of A. thaliana, might
respond to abscisic acid and stress conditions [30], and the homologue
of LlTF-AP2-EREBP-22, LEP of A. thaliana, might affect leaf petiole
development [32].
Discussion
A total of 338 TF genes expressed in ﬂower-related tissues of L.
longituba were analyzed and the data were released in PlantTFDB
facilitating the use of a comprehensive TF recognition pipeline and
data presentation interface, which will be highly beneﬁcial in carrying
out comparative analysis among various species. In this study, for each
of the TF genes, speciﬁc primers were designed to validate the
expression of the putative TFs by real-time RT-PCR. Further, to
estimate the coverage of TFs found in this study, we used the TFs
found in ﬂower-related tissues of rice as a reference. The rice (indica)
Unigene dataset from NCBI, comprising 8113 gene clusters, was
downloaded and the sequences aligned with 2025 rice TF gene
sequences collected from the PlantTFDB (BLASTN E-value less than
0.01). Among the 1474 rice TF genes that had at least one hit in
Unigene, 341 of them had ﬂower-related hits as deduced from the
observation that one or more of the ESTs assembled into the speciﬁc
Unigene cluster were sequenced from a ﬂower-related cDNA library,
such as ‘panicle’ or ‘ﬂower’. A comparative number of TF genes (338)
were discovered in L. longituba ﬂower-related libraries, so we
assumed that most of the expressed ﬂower-related TFs had been
found, and that the coverage of our TF dataset was acceptable. Because
most of our L. longituba ESTs were from mature ﬂoral tissues (tepals),
some central TFs which were expressed speciﬁcally in other ﬂower-
related tissues controlling ﬂoral development might not be included.
For example, members of LFY family are transiently expressed in the
very early stages of ﬂower development in Arabidopsis, Antirrhinum,
and rice [42]; a result of an additional experiment showed that class C
MADS-box genes were expressed in stamen and carpel of L. longituba,
but probably not expressed in tepal.
Flower development is a complicated process in which TFs play
important regulatory roles. A total of 51 TFs from 16 families were
identiﬁed as being predominantly expressed in L. longituba ﬂowers as
compared to leaves, suggesting their functionality in ﬂower develop-
ment. Besides some families, such as AP2-EREBP, bHLH, bZIP, C2C2-
YABBY, MADS, MYB, NAC, and ZIM, which have been reported as playing
key roles in ﬂorescence or as having ﬂower-speciﬁc expression from
large-scale transcriptome analysis in Arabidopsis and other plant species[43–47],wealso found several potentiallyﬂower-speciﬁc TFs in theABI3-
VP1 and GARP-G2-like families that we report here for the ﬁrst time.
Most of the 51 putative ﬂower-speciﬁc TF genes were annotated
based on their similarity to homologues in other plants. Only a few of
the best hits to the L. longituba TF genes had known functions, possibly
because no close relatives of L. longituba have been studied in detail.
Although there is not enough evidence to prove that these 51 TF genes
are speciﬁcally expressed in ﬂoral tissue and are important in ﬂower
development, the facts that (1) most of the 51 TF genes were from
families that have members known to be involved in ﬂoral processes
such as the AP2-EREBP, bHLH, bZIP, MADS, MYB, MYB-related, and ZF-
HD families mentioned in the Introduction, and (2) some of the TF
genes, such as LlTF-MADS-14 and LlTF-NAC-19, showed high sequence
similarity with known ﬂower-related genes, support our conﬁdence
in the results. The TF genes identiﬁed in this paper could be good
priority candidates for further studies on ﬂoral process in L. longituba.
It is known that most of genes in the ABCDE model encode MADS-
box proteins such as AP1 (class A), AP3 and PI (class B), AG (class C),
and SEP1∼4 (class E) [15] and that these play important roles in the
control of ﬂoral processes. Most of the MADS genes in plants are
MIKC-type genes that have three more domains, the intervening (I)
domain, the keratin-like coiled-coil (K-box) domain, and the C-
terminal (C) domain [29], besides the MADS-box domain. Redundan-
cy often occurs in the MADS gene family [48]. All eight MADS genes
found in L. longituba contained a K-box domain. To further illustrate
the relationship between the new MADS TFs reported here and the
known genes, a phylogenetic analysis was performed. Besides the
neighbor-joiningmodel analysis (in MEGA4) [49], a mixed amino acid
model analysis (in MrBayes3.1.2) [50] was also run. No signiﬁcant
difference in structure between the two phylogenetic trees was found.
Six of the L. longitubaMADS genes were closely related to known class
E MADS genes, and two of them were related to class B genes.
Of the six class E-like genes (12% of 51 putative ﬂower-speciﬁc TFs),
fourwere class E SEP3-like genes and twowere class E SEP1-like genes. All
six of these geneswere expressed at a relatively high level at phase 1, and
had their highest expression levels at phases 5 and 6 indicating that the
expression of these TFs may be important in the initial development of
the ﬂoral organs and continually until the ﬂowers wither.We observed a
different expression proﬁle for the two class B-like MADS-box TFs (LlTF-
MADS-6and LlTF-MADS-8), neitherofwhichwasﬂower-speciﬁc. For both
these genes, the highest expression levels were recorded in the ﬁrst two
phases, and these dropped sharply in the last two phases (data not
shown).Within the hierarchical gene network that contributes to ﬂower
development, MADS-box genes are dominant among the genes that
determine organ identity in A. thaliana [43]. In Arabidopsis, mutants of
two class B MADS-box genes, AP3 and PI, led to identical phenotypes in
which carpels replaced stamens and sepals replaced petals [51,52], and
quadruple mutants of class E MADS-box genes, sep1/sep2/sep3/sep4,
caused all of the ﬂower organs to be converted into leaf-like organs [53].
This evidence supports our assumption that TFs from the MADS family
play dominant roles in ﬂower development in L. longituba.
All the other potentially ﬂower-speciﬁc TFs reported here were
expressed at low levels in the early phases of ﬂower development; their
expression increasing in later phases. Because we compared gene
expression levels between tepals and leaves to predict ﬂower-speciﬁc
TFs, it is possible that TFs with higher expression levels at phases 4 or 5
while the ﬂower was blooming were easier to be identiﬁed. LlTF-MYB-
related-0, annotated as a determinant of berry color by activating
anthocyanin biosynthesis [41], was expressed at a low level during all
the six phases suggesting that the TF genemay be associatedwith some
upper regulation steps. Interestingly, two TF genes of the NAC and AP2-
EREBP families that show increased expression levels in phase 5 when
the ﬂowers are blooming, were found to be possibly associated to
programmed cell death and responding to abscisic acid or stress
conditions. LlTF-NAC-1, a homologue of the XND1 gene from A. thaliana,
which negatively regulates lignocellulose synthesis and programmed
Table 3
The expression levels of 15 ﬂower-speciﬁc TFs during ﬂorescence by real-time RT-PCR.
TF family gene ID GenBank
acc. no.
Expression level in six phasesa
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6
BL 20 mm BL 40 mm BL 70 mm TL 80 mm TL 90 mm Withered
ABI3-VP1
LlTF-ABI3-VP1-0 GQ165972 0.007 0.025 0.617 1.452 4.891 6.013
LlTF-ABI3-VP1-2 GQ166053 0.043 0.126 2.360 5.119 21.751 18.013
AP2-EREBP
LlTF-AP2-EREBP-11 GQ166011 0.000 0.003 0.057 0.495 15.736 14.320
LlTF-AP2-EREBP-22 GQ166156 0.000 0.001 0.003 0.077 36.353 22.456
C2C2-YABBY
LlTF-C2C2-YABBY-1 GQ165976 0.091 0.145 0.333 0.556 2.799 2.728
LlTF-C2C2-YABBY-4 GQ166145 0.295 0.408 1.008 1.451 8.259 7.382
GARP-G2-like
LlTF-GARP-G2-like-7 GQ165937 0.008 0.021 0.308 0.953 7.653 5.144
MADS
LlTF-MADS-9 GQ166037 8.112 10.563 10.360 13.510 27.133 25.510
LlTF-MADS-11 GQ166114 7.155 10.204 9.633 11.608 28.071 24.744
LlTF-MADS-15 GQ166148 2.992 3.701 3.959 5.740 16.100 14.540
MYB-related
LlTF-MYB-related-0 GQ165900 0.018 0.012 0.012 0.021 0.055 0.067
LlTF-MYB-related-1 GQ165919 0.006 1.723 4.398 14.980 19.549 20.001
LlTF-MYB-related-7 GQ166008 0.007 0.355 5.959 13.938 82.482 74.440
LlTF-MYB-related-17 GQ166144 0.008 2.056 5.166 14.520 18.341 19.454
NAC
LlTF-NAC-1 GQ165854 0.001 0.001 0.004 0.007 0.039 0.043
a The bud length (BL) or tepal length (TL) was used to deﬁne phase 1 to phase 5 and in phase 6 the ﬂower was beginning wither. The scale bar in the image of each phase indicates
20 mm. The expression level is the relative signal intensity against the control gene, actin of L. longituba, for each TF gene at each phase.
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present study. LlTF-AP2-EREBP-11, a homologue of ABR1 also from A.
thaliana that responds to abscisic acid or stress conditions [30], showeda
30-fold increase in expression levels from phases 4 to 5. Further studies
are needed to investigatewhether an apoptosis process controlled by TF
genes similar to that in leaves and other tissues is involved in ﬂoral
fading.
Although the roles of TFs in the L. longituba ﬂorescence progress
are still unclear and require further analysis, the datasets and the
functional information reported here will signiﬁcantly contribute to
further research.
Materials and methods
cDNA library construction and sequencing
Total RNAwas isolated from the tepals or buds of L. longituba using
the improved method of guanidine isothiocyanate. Poly (A+) RNA
from total RNA was puriﬁed using Oligo dt magnet separation. The
cDNA was synthesized using the StrataScript (Stratagene, United
States) reverse transcriptase system. The blunt-ended cDNA was
ligated to the EcoRI adaptor, and ligated into a modiﬁed version of the
BlueScript SK plasmid vector (Stratagene, United States). Ligation
products were transformed into Escherichia coli electrocompetent
cells DH10B (Invitrogen, United States) by electroporation, and then
plated on LB ampicillin plates containing X-Gal and IPTG to recover
the pBluescript SK (−) plasmids. Based on blue/white selection, the
recombinant efﬁciency of the cDNA library was 96.8%. Recombinant
clones were randomly selected from those carrying insert sizes
greater than 500 bps. Plasmid DNA was extracted using Vitagene 96-
easy plasmid Miniprep Kit (Vitagene Biochemical Technique Co. Ltd.).
The selected clones from three non-normalized cDNA libraries were
sequenced from the 5′ terminal end on an automated ABI Prism 3100Genetic Analyzers (Applied Biosystems), using ABI Prism Big-Dye™
Terminator v3.0 Ready Reaction Cycle Sequencing Kit (Applied
Biosystems) and T3 primerand. The EST sequences were clustered and
assembled by PHRAP [54].
Identiﬁcation and classiﬁcation of putative transcription factors
ESTScan [55] was used to detect coding sequences in assembled
EST sequences. Sequences that resulted in peptides longer than 50
amino acids were used to predict TFs.
TF prediction was carried out as previously described [10]. The
HMM proﬁles of 47 TF related DNA-binding domain families were
downloaded from PFAM [11], and for 17 families that were not
available at PFAM, the HMM proﬁles of their conserved domains were
built in-house from multi-alignment of the Arabidopsis, rice (indica
and japonica), and poplar protein sequences for each of those families.
An HMMER search with a threshold E-value of 0.01 was carried out
and unique genes with a signiﬁcant hit to the HMM proﬁles were
annotated as predicted TFs. Rules deﬁning ‘required domain’ and
‘forbidden domain’ for each TF family were applied. Each of the
predicted TFs was classiﬁed into a certain family according to the
domain(s) it possessed. Details of the method are available on http://
planttfdb.cbi.pku.edu.cn/help.php.
Phylogenetic analysis for TFs of MADS family
A BLASTP search was run with a threshold E-value of less than 1E-
20, between eight L. longituba TF genes of the MADS family and a
dataset of MADS family proteins from the UniProt database [56]. For
eachMADS gene of L. longituba, the top 10 UniProt hits were collected,
and 23 MADS proteins from rice, Arabidopsis, and some other plants
were used in phylogenetic analysis after redundancy elimination. A
phylogenetic tree of the resultant 31 MADS genes was constructed
126 Q.-L. He et al. / Genomics 96 (2010) 119–127with MEGA4 [49] using the neighbor-joining model, which selected
pairwise deletion and 1000 bootstrap.
Quantitative real-time RT-PCR
Total RNAs were isolated from the developing ﬂowers and other
plant organs of purple-red L. longituba in an outdoor garden using
TRIzol reagent (Invitrogen, United States). RNA concentration was
measured in a NanoDrop 1000™ UV/VIS Spectrophotometer (Thermo
Scientiﬁc, United States). The total RNA was digested with RNase-free
DNase I (Takara, Japan), and ﬁrst-strand cDNAs were synthesized
using an oligo dT primer and M-MLV Reverse Transcriptase Kit
(Promega, United States).
To facilitate the measurement of transcripts of all the putative TF
genes under a standard set of reaction conditions, oligonucleotide
primers were designed using the PRIMEGENSv2.0.1 [57] to meet a
stringent set of criteria that included predicted melting temperatures
(Tm) of 60±2 °C, primer lengths of 20–24 nucleotides, guanine–
cytosine (GC) contents of 45–55% and PCR amplicon lengths of 100–
150 bps.
Polymerase chain reactions were performed using the SYBR®
Green PCR Master Mix Kit (Applied Biosystem, United Kingdom) in a
96-well plate on an ABI 7500 Real-Time PCR system (Applied
Biosystem, United States). A master mix of sufﬁcient cDNA and
2×SYBR®Green reagent was prepared prior to dispensing into
individual wells, thus reducing pipetting errors and ensuring that
each reaction contained an equal amount of cDNA. The standard
thermal proﬁle was used for all PCRs, and the threshold cycle (Ct)
values of the triplicate PCRs were averaged and relative quantiﬁcation
of the transcript levels was performed using the comparative Ct
method. Transcript levels were normalized to the L. longituba actin
gene transcript levels that yielded similar Ct values.
Gene annotation
The 51 expressed TF genes that were identiﬁed as potentially
ﬂower-speciﬁc were annotated by BLASTP against the protein
sequences of genes in GenBank with a threshold E-value of less than
1E-10.
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